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Abstract 
Solute transport in hillslope is often ruled by the water dynamics at the vadose zone and the groundwater. Solute is 
mobilized by rainfall, which feds the subsurface components of flow leading to water discharge and pollutograph at 
the outlet. It is often convenient to analyze solute transport through the travel time analysis. The latter is deeply 
influenced by the partitioning of the water ages. That is, rainfall typically mobilized pre-event (or “old”) water in the 
catchment, and the discharged water (and solute) is characterized by an age much larger than the one pertaining to the 
event water. We analyze solute transport in hillslope through a series of detailed numerical experiments. These are 
carried out through a three-dimensional saturated/unsaturated model, with realistic assumptions regarding the time-
dependent rainfall and evapotranspiration forcing the flow system and the spatial distribution of the hydraulic 
properties. The scope is to analyze the travel time of rainfall in hillslopes as function of some selected characteristics 
and the seasonality of rainfall. We show that most of the river discharge is due to old water, i.e. rainfall coming from 
previous periods, sometimes very distant from the event. Also, each season displays a different travel time 
distribution for rainfall, as function of a few significant characteristics, like e.g. transpiration and the pre-event 
groundwater storage.  The Equivalent Steady State approximation (ESS) for the analysis of solute transport is also 
tested. 
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1. Introduction 
Hillslopes are fundamental components of solute transport at the catchment scale. Contamination from 
diffuse sources which are located at or near the soil surface, such as agricultural fields, waste deposits or 
accidental spills, migrate along hillslopes. The migration predominantly occurs through the combined 
vadose zone– groundwater flow system, and the solute is later released to the nearest channel; from the 
latter solute is routed through the river network system of the catchment. Hence, we need to fully 
understand the complex hydrological processes occurring at the hillslope scale in order to adequately 
model transport at the basin scale. The understanding of the principal hydrological processes which rule 
solute transport in hillslopes is hindered by the so called "old water paradox", which states that a fraction 
of the runoff volume after a rainfall event is pre-event, or "old". Experiments with passive tracers suggest 
that most of the water contributing to storm flow is pre-event (see, e.g., [1-3]), with percentages often 
close to 75% of the total flow [4]. Furthermore, the pre-event water contribution may vary as function of 
the seasonal hydrological components, like e.g. precipitation, transpiration, water content etc. 
Scope of the present work is to gain some insight on the age of seasonal waters (i.e. the rainfall 
pertaining to the four calendar-seasons) in a hillslope, and their contribution to streamflow. The matter 
has a deep impact on the analysis of solute transport in such systems, which is indeed ruled by the age of 
water; the latter is often characterized by the travel time of a generic water particle, from its initial 
location to the outlet (for a review on the travel time analysis see [5]). The study will be carried out 
through a series of detailed numerical simulations (i.e., fully three-dimensional, combined 
saturated/unsaturated domain, spatial heterogeneity of the soil hydraulic properties, records of the time 
dependent meteorological data and evapotranspiration). Use is made of the model employed in [6, 7], 
which main features are briefly summarized in the next Section. Although they provide results which 
cannot be generalized, the numerical experiments provide detailed information that are generally not 
available from field studies, at a fraction of their cost, circumventing most of the stringent assumptions of 
analytical studies, which may in turn oversimplify the hydrological processes occurring in such highly 
complex and nonlinear systems.  
2. The numerical laboratory and the experiments 
The formation consists of a relatively shallow layer of a high-conductive soil overlying a relatively 
thick layer of a low-conductive subsoil (bedrock). The flow domain is 3D and spans several meters in 
both horizontal and vertical directions. The hydraulic properties of the system are heterogeneous, i.e. 
spatially distributed. The conceptual scheme of the modeling domain and the related boundary conditions 
is given in Figure 1. Each simulation spanned approximately 6 years. Together with the original setup, we 
have also modelled a hillslope system with a lower porosity (denoted in the following as RP) of the 
bedrock, with mean porosity equal to 0.05 instead of the original value 0.2; the reason for this choice shall 
be illustrated later. Unfortunately, because of convergence problems the simulations with the reduced 
porosity could not be carried beyond 4 years. 
Consider a Cartesian coordinate system (x1, x2, x2), where x1 is directed vertically downward (see 
Fig.1), which coincides with the principal axes associated with the principal components of the hydraulic 
conductivity tensor, K. We assume that the water flow is described locally by the Richards equation, the 
physical parameters of which are visualized as realizations of stationary random space functions (RSFs). 
It is further assumed that the transport of the passive solute is described locally by the classical, one-
region, convection-dispersion equation (CDE). All the details of the mathematical framework and the 
numerical solution can be found in [7] and [13], and for brevity will not be repeated here. 
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In the presence of a crop, it is assumed here that locally, the rate of water uptake by the plant roots is 
proportional to the unsaturated conductivity, to the roots’ density function, and to the difference between 
the total pressure head at the root-soil interface, r, and the reduced water pressure head of the soil, + , 
where  is the osmotic pressure head of the soil solution.  
Climatic conditions are represented by the meteorological data from Denno, northern Italy, which is 
characterized by a continental humid climate, with warm summers; the major precipitation occurs in fall.   
 
 
Fig.1. Vertical cross section of the 3D flow domain. The vertical x1 x2 planes located at x3 = 0 and x3 = 20 m are also no-flow 
boundaries. 
Two cases shall be examined: (i) rain only (hereinafter RO) and (ii) rain and transpiration (TR). Figure 
2 displays the cumulated rainfall and outflow pertaining to the RO and TR cases (only the first 4 years are 
displayed). It is seen that the outflow follows closely the cyclical behavior of the precipitation forcing, 
although it is somewhat damped by the rainfall-runoff transformation operated by the hillslope. Curves 
are displayed for both cases of full porosity and reduced porosity (RP). The Figure shows that the change 
of porosity in the subsoil has little influence on the cumulated discharge. Instead, it has a significant 
impact on the age of water, as shown in the sequel. 
In order to trace the rain water pertaining to the four calendar seasons, we have (numerically) marked 
the rain fallen in each of the first year’s seasons by four tracers (numbered from 1 to 4), which correspond 
to the precipitation occurred in spring, summer, fall and winter of the first year, respectively. The 
spreading of each tracer is simulated numerically, separately from the others; the solute transport 
simulation is fully coupled with the flow solution. In particular, we calculate the solute discharge Qs,i at 
the outlet (i.e. the channel) pertaining to the generic i (=1 4) control period, which corresponds to the i 
calendar-season (starting from spring, i=1); the flux is  normalized by the injection concentration, which 
for convenience is taken as unit. Thus, the normalized solute flux Qs,i corresponds to the discharge of 
rainwater which has fallen during the i season, as compared with the total water outflow QT. This way, we 
are able to trace the contribution of each seasonal rain water to streamflow as function of time. 
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3. Discussion of results 
Figure 3 show the total water discharge QT (green line) and the normalized solute discharges Qs,i for 
the RO case, for the four seasons considered. It is seen that the seasonal discharges are typically a small 
fraction of the total discharge to the channel; hence, the old-water contribution (i.e. pre-event water 
characterized by an age older than that of the rain fallen in the control periods) dominates the discharge. 
This point was already observed in [7] for annual streamflow, and the study is here extended to the 
behavior of the seasonal waters flowing in the system. Figure 3 shows that solute discharge follows 
closely the seasonal pattern, with outflow peaks corresponding to rainfall events and a generally slow 
release during no-rain periods. It is seen that the solute discharge Qs,i keeps persisting in the years, as will 
be further shown in the sequel. The maximum Qs,i pertains to i=3, reflecting the stronger precipitation 
occurring in fall. Generally speaking, the differences in the solute discharges reflect the different seasonal 
inflow-outflow; i.e., the solute injected in the 4 periods is different and depends on the total rainfall 
volume in each period. The case with transpiration follows similar patterns and is not shown here; 
perhaps the major difference is that Qs,i is less continuous in the TR case, which derives from the 
influence of the dry up of water content in the system due to plan uptake. In words, total discharge 
decreases because of uptake and solute tends to remain longer in the system, developing strong and 
persistent bursts after intense rainfall events. In any case, in both cases the signal is very persistent and 
solute keep being released with the years, with similar patterns but different discharges. 
 
 
Fig. 2. Cumulated rainfall and outflow for the Rain Only (R) and Rain+transpiration (R+Tr) cases; the RP curves correspond to the 
reduced porosity scenario. 
Despite of the long duration of the simulations (6 years), in none of the cases we could observe 
complete solute recovery at the outlet. This is clearly visible in Figure 4 which displays the progressive 
sum of the cumulative discharges (temporal integrals of Qs,i) for all seasons as function of time (RO case). 
The differences in total volumes at the end of the period reflect the different rainfall regimes along the 
seasons; e.g., more solute is introduced in the system during period #3. In particular, the volume of solute 
injected in the four periods is equal to 36.4, 42.5, 77.9 and 28.6 m3, respectively. 
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Thus, cumulative solute discharge keeps increasing with the years, reflecting the discharge pulses 
observed in Figure 3. While this feature derives from the particular streamflow generation mechanism 
(mainly groundwater ridging and subsurface stormflow, see [6]), it may be increased by the retention 
effects operated by the low conductive areas, typical of heterogeneous subsurface systems [6].  
Mass/water recovery is slightly faster during the wetter period 3, which derives from a general faster 
water dynamics in the systems, caused by the larger precipitation. Still, differences between the recovery 
curves are not too large. In fact, rainfall (or “new”) water mixes vertically and horizontally with a 
relatively slow rate, except at the upper soil which is usually characterized by a faster and more variable 
dynamics (see discussion in [6]). Hence, the cumulate solute discharges from the system are rather similar 
for the four solutes; this mechanism is also confirmed by the analysis of the patterns of the concentration 
field at large time from the injection (not shown here), which are rather similar for the four injections. 
 
 
 
 
 
 
 
 
 
Fig. 3. Total and seasonal discharges as function of time; Rain Only case. 
The above behavior is similar for the TR case (not shown), with the obvious differences of more 
oscillations due to the water uptake by plants. The oscillations are also forced by the interplay between 
rainfall and transpiration: the latter may increase or decrease the recovery rate, depending whether 
transpiration increases with rainfall (like the examined case of continental climate) or the opposite 
(Mediterranean climate). 
The mechanisms which determine the partition between old and new waters depends on several 
different mechanisms, including the seasonal rainfall variability. The recent work [8] indicates the 
available groundwater storage as an important factor in the old-water contribution to streamflow, and 
hence the age of the outflow waters. In order to investigate this behavior we have performed a series of 
numerical simulations by adopting a smaller porosity of the subsoil, 0.05 instead of 0.2, as explained in 
the previous Section. This way, the available water storage of the subsoil is decreased by a factor of 4. 
The recovery curves are represented in the inset of Figure 4; the curves end at time 1200 days because of 
the numerical problems mentioned in the previous Section. The comparison between the two porosity 
scenarios in Figure 4 clearly shows that solute discharge is much larger for reduced porosity case, leading 
to a much faster recovery of the mass injected over the four control periods. The behavior is not due to an 
increased total outflow discharge, which is not much impacted by the porosity change (as previously 
discussed, see Fig. 2), but it is rather determined by the lower volume available in the system, and the 
reduced amount of pre-event water present in the hillslope. Thus, the total potential storage of the 
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groundwater system is confirmed as one of the most important factors in determining the old-new water 
partition and the old-water contribution to streamflow. Again, the behavior for the TR case is similar, and 
it is not shown here for brevity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Progressive sum of cumulative discharges for the four solutes as function of time; Rain Only case. The inset shows the 
results for the Reduced Porosity case. 
The relative contribution of seasonal rain water, as compared to the total one, is well illustrated by the 
ratio between the cumulate rain and total water Qs,i/QT as function of time. The quantity is represented in 
Fig. 5 for the four control periods (RO case). All curves display an initial increase after the beginning of 
the season, a later peak after the end of the season and a decreasing trend at later times. The rainier period 
#3 (fall) is the one for which the rain water contribution is larger, while it is smaller in winter. The feature 
is explained by the reduced winter precipitation and the larger water volume stored in the previous rainier 
period (fall). In any case, the maximum contribution of the cumulate seasonal rain water to streamflow is 
generally rather small, at best 15% of the total outflow. This is consistent with field studies, which 
typically indicate old-water contributions of the order of 75% of the total (as discussed in the 
Introduction). 
Another meaningful and informative quantity is the cumulate relative discharge, i.e. the solute mass 
for the 4 different control periods exiting the system as function of time divided by the total mass 
injected. All curves start from zero and tend to unit when t . The quantity roughly represents the travel 
time cumulative distribution function (CDF) of the rainwater pertaining to each of the four periods. The 
curves are represented in Fig. 6 for the RO (a) and TR (b) cases, for both the standard and reduced 
porosity; it is seen that in all cases after 6 years the curve hasn’t reached yet the unit value, i.e. the solute 
recovery is still partial, as previously discussed, in particular when in presence of transpiration (TR). 
Seasonal differences can be observed between the curves. In particular, recovery seems somewhat faster 
during the rainier period (#3) and slower for the drier periods (e.g. #4); this is particularly evident for the 
TR case, which exhibits a periodic behavior due to the drying up effect exerted by the transpiration, as 
previously discussed. The solute (i.e. the rain water which has fallen in one of the four periods) is initially 
collected relatively fast at the outlet, and the rate decreases asymptotically with time. Roughly speaking, 
almost 50% of the water is recovered at the outlet after about 1.4 years for the RO case, and after roughly 
2.4 years when in presence of transpiration. 
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Fig. 5. Ratio between cumulate discharge of solute i and total water discharge; both are calculated starting from the initial time of 
the precipitation for each period; it shows the fractional contribution of seasonal water to the total outflow.  
The impact of the aquifer storage is seen through the reduced porosity simulations, which show a 
behavior consistent with previous analysis: mobilization of water in the system is generally faster, and 
rain (i.e. “new”) water is delivered to the outlet at a faster rate, leading to a quicker rise of the relative 
discharge (i.e. the solute CDF). Thus, in such cases almost 50% of solute is collected at the outlet in less 
than one year. 
The previous analysis shows that the travel time CDF of rain for each control period, analog of the 
relative discharge, may exhibit a seasonal behavior, which mainly depends on the rainfall distribution 
pertaining to each seasons and the average hydraulic conditions of the hillslope (e.g. water content, water 
storage in the saturated part, unsaturated water distribution near the soil and the vegetation, etc.), which in 
turn control the plan transpiration. The processes are clearly intertwined and it is not generally possible to 
analyze them through a simple modeling exercise. As a result, the travel time CDF is not time-invariant 
and depends on the entire hydrologic history of the system, i.e. the sequence of rainfall, transpiration, 
water storage and the relative outflow discharge [7]. In order to solve this important problem a few 
alternative approaches to the time-invariant travel time distribution have been developed in the recent 
years, like the time-variant framework by Rinaldo et al. [3]. A simpler alternative is the Equivalent Steady 
State approach (ESS), which have been first suggested by Niemi [9] and adopted in the hydrological 
community by Rodhe et al [10], and later developed by Russo and Fiori [11]. ESS consists of changing 
the calendar time of the travel time CDF with the cumulate outflow; this way, the time invariant 
formulation of the travel time distribution can be approximately converted to its time-variant counterpart 
by a simple abscissa transformation. The approximation has been tested against accurate numerical 
simulations in [13] and [11], with positive results. Recently, [12] provided a more general framework, for 
which ESS can be seen as a particular case.  
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Fig. 6. Ratio between the cumulative solute discharge at the outlet and the solute injected in the system;  (a) Rain Only and (b) 
Rain+Transpiration; the inset represent the results for the Reduced Porosity case. 
In order to test the ESS hypothesis for the present configuration we depict in Figure 7 the relative 
discharge of Figure 6 as function of cumulate water discharge from the beginning of the injection, instead 
of calendar time, along the ESS paradigm. It is seen that all the curves almost collapse into a unique one, 
which can be considered as a sort of equivalent time-invariant travel time distribution. The feature is more 
evident for the RO case, but it seems to hold valid also for the TR case, for which more differences 
between the curves are observed. The results seem to indicate that it is indeed possible to characterize a 
unique travel time distribution in a hillslope, besides the complex hydrological processes which have 
determined it. This finding may have an impact for applications, for which the ESS framework may 
considerably simplify the analysis. For example, the travel time CDF can be inferred for a particular 
season (e.g. by measurements or by a much simpler steady-state flow analysis), and it can be extended to 
other (and hydrologically different) seasons by a simple axis transformation.  
4. Conclusions 
Accurate numerical simulations of a hillslope system have been carried out. The scope was to explore 
the age of seasonal rain water within the system. The precipitation fallen in the four calendar-based 
seasons was numerically marked by a solute, which is traced in the surface-subsurface system to the 
outlet. This way, the seasonal rain water contribution could be determined by numerically solving the 
coupled flow and transport equations. The principal results can be summarized as follows: 
 Pre-event (or “old”) water dominates the streamflow contribution. On the main factors controlling the 
pre-event water contribution is the water storage available in the system. In particular, the old-water 
contribution decreases with decreasing values of the system storage, expressed through the average 
porosity of the bedrock. 
 Significant differences are observed in the event-water contributions to streamflow; in particular, the 
contribution is larger and the water dynamics are faster when in presence of higher rainfall. Hence, 
the age of rainfall in the hillslope may vary as function of the particular season considered. This is 
even more evident when in presence of transpiration (TR case). 
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Fig. 7. Same as Fig.6, but with cumulative discharge substituting calendar time in the abscissae (ESS approximation). 
 Solute transport can be characterized by the distribution of travel time to the outlet, which however is 
not time-invariant and depends on the particular season in which rain water is introduced in the 
system. This finding acts as a warning against the commonly employed time-invariant assumption for 
the travel time distribution. Seasonal rainfall is stored and in the hillslope for a considerable time, and 
it is being released for years after the rain application. This finding is more pronounced when in 
presence of transpiration. Again, the available storage largely determines this behavior, leading to 
shorter travel times for decreasing porosity. 
 Despite the differences observed in the travel time distributions, an equivalent time-variant 
distribution can be assumed by adopting the Equivalent Steady State approximation (ESS), which 
replaces calendar time with cumulated discharge volumes. This assumption may considerably 
simplify the analysis of solute transport through the travel time approach, which otherwise would 
require a more complex time-variant approach. 
We emphasize that the present results have been obtained through a series of accurate numerical 
simulations in realistic – although synthetic – hillslope. While the numerical simulations cannot substitute 
the field experiments, they may indicate significant trends and provide insight into the complex 
hydrological dynamics occurring in hillslopes. 
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